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TreatmentAbstract Electrocoagulation has been successfully used to treat a variety of industrial wastewaters.
The goal is to form flocks of metal hydroxides within the effluent to be cleaned by electro-
dissolution of soluble anodes. The present work deals with the removal of petroleum organic matter
such as diesel from drilling fluids wastewater by the electrocoagulation technique using a direct cur-
rent (DC) electrolytic cell. The cell is consisted of a rectangular Plexiglass container of dimension
12 * 12 * 15 cm equipped with varied number of parallel horizontal meshed Aluminum anodes
(9 * 9 cm) and 115.2 cm2 effective area, stainless steel (9 * 9 cm) cathode. The electrodes were con-
nected to a digit DC power supply (40 V) with a multi-range ammeter connected in series and volt-
meter connected in parallel with the cell. The percentage of COD removal was studied under
different conditions by varying the following parameters: (1) electrolysis time, from 5 to 45 min,
(2) current density, from 0.008 to 0.034 A/cm2, (3) number of parallel horizontal meshed Al anodes,
(4) electrolyte concentration. The new anode design of electrocoagulation cell permits high
efficiencies with lower energy consumption in comparison with the other cell design used in previous
studies.
 2016 Production and hosting by Elsevier B.V. on behalf of Egyptian Petroleum Research Institute. This
is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/
4.0/).1. Introduction
Many of the wastes associated with oil and gas well drilling
activities have the potential to impact the environment. Thephysical and chemical properties of the drilling wastes influ-
ence its hazardous characteristics and environmental impact
ability. The most common measure of the potential environ-
mental impact of a material is its toxicity. The process of dril-
ling oil and gas wells generates two primary types of wastes
drilling fluids wastewater and drill cuttings. Muds consist of
a base fluid and various solid and liquid additives to allow
for good drilling performance. Some of the additives introduce
potentially toxic compounds into the fluids, which must be.doi.org/
2 AlaaEldin Mohamed Hisham Elnenay et al.considered when the resulting wastes are managed. The main
pollution of spending muds is caused by: biocides, oil, comple-
tion or stimulation fluid components, corrosion inhibitors,
reservoir fluids (crude oil, brine), and drilling mud chemical
components [1].
Treatment of produced water is an urgent matter in view of
the high daily volume. Different processes have been described
for the treatment of such effluents, but the most frequently
used are chemical destabilization and electrochemical destabi-
lization, Biological processes are rarely used since these efflu-
ents usually contain biocides [2]. The treatment of these
wastes has been addressed by different techniques, but the
most commonly used are membrane processes (microfiltration
and ultrafiltration) [3,4], chemical destabilization (conven-
tional coagulation) and electrochemical destabilization (elec-
trocoagulation). Less commonly used are the biological
processes, as these kinds of industrial fluids contain biocides
(such as heterocyclic sulfur and nitrogen compounds) to pre-
vent their degradation [5]. As well, when the effluent is highly
polluted with soluble compounds and they cannot be removed
by other techniques, distillation can be an attractive alterna-
tive, despite of its high operation-cost [6].
Like polluted water and air, polluted soil can affect people
health and environment through its action on surface waters
(rain-out), underground waters and vegetation. The contami-
nation may arise either through accidental discharge or uncon-
trolled industrial wastes. It constitutes one of the main
environmental problems linked to the activities of oil and
gas companies [7].
The pollution caused by discharges of oil drilling is now a
source of environmental degradation and raises currently a
particular interest. We propose in this work the application
of electrocoagulation (EC) and electro-oxidation (EO) treat-
ment for the leachate of these drilling muds. The effect of
pH, current density, the electrolysis time, and the amount of
electrolytics added were studied, and the effectiveness of the
processes is evaluated by measuring the chemical oxygen
demand (COD). The dissolution is the best way to mobilize
pollutants from drilling mud [8].
Electrocoagulation is a process that involves the generation
of coagulants from an electrode by the action of electric cur-
rent applied to these electrodes. The ions are attracted by the
colloidal particles, neutralizing their charge and allowing their
coagulation. The hydrogen gas released from the cathode
interacts with the particles causing flocculation, allowing the
unwanted material to rise and be removed. Various metals
have been tested as electrodes, such as aluminum, iron, stain-
less steel and platinum [9].
EC involves in situ generation of coagulants by electrolytic
oxidation of an appropriate sacrificial anode (iron and alu-
minum) upon application of a direct current. The metal ions
that are generated hydrolyze in the electrocoagulator mainly
at pH values in the range of 7–9 to produce various metal
hydroxide complexes and neutral M(OH)3. These products
are necessary for the removal of soluble or colloidal pollutants
by virtue of various mechanisms including ionic complexation
or ion exchange on the floc surface active sites, and the
enmeshment of the colloidal pollutants into the sweep flocs.
During or at the end of the process, flocs are removed either
by sedimentation or by flocculation by means of hydrogen
gas released from the cathode [10].Please cite this article in press as: A.M.H. Elnenay et al., Treatment of drilling fluid
10.1016/j.ejpe.2016.03.005The theory of EC has been discussed by several authors,
and depending on the complexity of the phenomena involved.
The theory can be summarized in three successive stages of
operation.
1. Formation of a coagulating agent through the electrolytic
oxidation of the sacrificial electrode, which neutralizes the
surface charge, destabilizes the colloidal particles and
breaks down emulsions (coagulation – EC step).
2. The particle agglutination promoted by the coagulating
agent, facilitates the formation and growth of flakes (floc-
culation – EF step).
3. Generation of micro-bubbles of oxygen (O2) at the anode
and hydrogen (H2) at the cathode, which rise to the surface
and are adsorbed when colliding with the flakes, carrying
the particles and impurities in suspension to the top and
thereby promoting the clarification of the effluent (flotation
– electro flotation step) [9].
2. EC theory [11]
All electrocoagulation reactors are electrochemical cells that
consist of an electrode arrangement in contact with the pol-
luted water, with coagulant production in situ being their dis-
tinguishing feature. To release the coagulant, an applied
potential difference across the electrodes is required. Potential
requirements for the electrodes can be deduced from the elec-
trochemical half-cell reactions occurring at each electrode,
which will vary according to the operational pH and the spe-
cies present in the system. Aluminum, the most commonly
used anode material; goes through anodic dissolution as shown
in Eq. (1):
Alþ3 þ 3e $ Al ð1Þ
Oxygen evolution is also possible at the anode (Eq. (2)):
4OH ! O2 þ 2H2Oþ 4e ð2Þ
Simultaneously, an associated cathodic reaction, usually
the evolution of hydrogen, occurs. The reaction occurring at
the cathode is dependent on pH. At neutral or alkaline pH,
hydrogen is produced via Eq. (3):
2H2Oþ 2e ! 2OH þH2 ð3Þ
While under acidic conditions, Eq. (4) best describes the
hydrogen evolution at the cathode
2Hþ þ 2e ! H2 ð4Þ
Al3+ and OH ions generated by electrode reactions react
to form different monomeric and polymeric species, which
transform finally into Al(OH)3 (S) depend upon total metal
concentration and pH
Alþ3 þH2Oþ e ! AlðOHÞþ2 þ 1=2H2 ð5-aÞ
AlðOHÞþ2 þH2O! AlðOHÞþ2 þHþ ð5-bÞ
AlðOHÞþ2 þH2O! AlðOHÞ3 þHþ ð5-cÞ
Then Alþ3ðaqÞ þ 3H2O! AlðOHÞ3ðsÞ þ 3HþðaqÞ ð6Þs wastewater by electrocoagulation, Egypt. J. Petrol. (2016), http://dx.doi.org/
Table 1 Composition of synthetic drilling fluids waste [17].
Percentage Volumes Actual COD of 1 mL
component in 1 L
Water 70% 750 mL
Diesel 30% 321 mL 1 mL= 2270 mg
COD/L
Emulsifier
(tween 80)
3% of diesel
volume
9.69 mL 1 mL= 1266 mg
COD/L
Salt 5 lb/bbl V
14.26 g/L
Caustic As required to
adjust pH
V
Treatement of drilling 3Both ‘‘Al” cathode and anode may be chemically attacked by
OH ions in view of the amphoteric nature of ‘‘Al”
2AlðsÞ þ 6H2Oþ 2ðOHÞðaqÞ
! 2AlðOHÞ4ðaqÞ þ 3H2ðgÞ ð7Þ
Accordingly, two major interaction mechanisms are being pro-
posed, namely: precipitation and adsorption, each one being
suggested for a separate pH range. Flocculation in the low
pH range is explained as precipitation while the higher pH
range (>6.5) as adsorption.
3. Experimental part
3.1. Experiment set up
The experiment setup used in the present work is schematically
shown in (Fig. 1). The EC cell consists mainly of a rectangular
vessel made of plexiglass with the dimensions 12 cm  15 cm
square base and a height of 12 cm. Aluminum 9 cm  9 cm
meshed sheet with effective area 115.2 cm2 and then placed
on the bottom of the cell as the cathode. The anode consists
of a double layer of meshed sheet. The anode–cathode distance
was kept at 2.5 cm. The electrical circuit consists of a power
supply (40 V, 20 A) with a voltage regulator and multi-range
ammeter, all connected in series with the coil, a voltmeter
was connected in parallel with the cell to measure its voltage
(see Table 1, Ref. [12]).
(1) Power supply.
(2) Voltmeter.
(3) Meshed aluminum anode.
(4) Stainless steel cathode.
(5) Ammeter.
(6) Electrode holder.
(7) The cell.
3.2. Electrocoagulation procedures
One liter of synthetic waste solution was used in each run. The
synthetic solution was mixed with the appropriate amount of
sodium chloride which was used as a conductor. The solutions
were placed into the electrolytic rectangular cell. The pH was
adjusted by the addition of NaOH and/or HCl solutions.
Direct current from the D.C power supply was passed through
the solution via the two electrodes during the (30–60) minutes
of electrolysis run. 10 mL of the solution was withdrawn atFigure 1 Laboratory cell for treatment of drilling fluids wastew-
ater by the electrocoagulation technique.
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for the remaining time of the run.
The electrodes were replaced every run, the efficiency of
organics removal, % removal, was calculated as:
% Removal ¼ ðCOD i COD fÞ=COD i  100
where COD i is Initial chemical oxygen demand (mg/L) and
COD f is final chemical oxygen demand (mg/L).
The percentage of COD removal was applied under differ-
ent conditions by varying the following parameters:
 Time of electrolysis.
 Current density.
 Numbers of aluminum anodes sheets.
 Electrolyte concentration.
4. Results and discussion
4.1. The effect of electrolysis time on COD removal
In order to study this parameter, a set of experiments were car-
ried out using initial COD concentration of 5000 mg/L, NaCl
14 g/L, pH of 7, current density 0.0083 A/cm2 and two meshed
horizontal parallel Al anodes. The data present in Figs. 2 and 3
show that the percentage of COD removal from the solution
increase by increasing the electrolysis time reached to 89%
because Al ions in the solution increase by increasing theFigure 2 The effect of electrolysis time on COD removal
(CD= 0.0083 A/cm2, number of anode = 1, pH= 7,
NaCl = 14 mg/L).
s wastewater by electrocoagulation, Egypt. J. Petrol. (2016), http://dx.doi.org/
Figure 3 The effect of electrolysis time on COD removal
(CD= 0.0083 A/cm2, number of anode = 1, pH = 7, NaCl =
14 mg/L).
4 AlaaEldin Mohamed Hisham Elnenay et al.electrolysis time. For example, Fig. 3 shows that the maximum
percentage of COD removal of 89% is achieved after 45 min,
the percentage of removal is slightly increased with further
increasing of electrolysis time. This agrees with previously
reported results [13,14].
4.2. The effect of current density on the efficiency of COD
removal
One of the important factors which affect the electrochemical
process is the current density, not only for the coagulation
dosage rate but also for the bubble production rate and the size
and the growth of flocs which can influence the treatment effi-
ciency of the electrocoagulation as well as strongly influencing
both solution mixing and mass transfer at the electrodes, thus
a set of experiments were carried out to study the influence of
current density on the electrocoagulation reaction. Each exper-
iment was carried out using a one meshed aluminum anode
with an effective area of 115.2 cm2 at a fixed NaCl concentra-
tion of 14 g/L, and an initial COD concentration of 5000 mg/
L, and pH range of 7–9.
The data present in Fig. 4 show that the COD removal per-
centage generally increased with increasing current density.
The percentage of COD removal is increasing gradually with
the time with current density 0.0068 A/cm2 from (10% to
55%), but if we apply more current density to 0.017 A/cm2
the percentage of COD removal will increase more which is
presented in table no 2 and the COD removal will vary from
17% to 65%, and with applying more current the efficiency
of COD removal will increase. This is attributed to the fact
that at higher current densities, the dissolution of Al+3 ions
increase according to Faraday’s law. Al+3 ions undergo
hydrolysis forming Al(OH)3 which produce more sludge. The
adsorptions of organic compounds improve the removal of
these compounds [15]. Furthermore, more hydrogen bubbles
are generated at the cathode with increasing current density,
these bubbles improve the degree of mixing of aluminum
hydroxides and diesel and enhance the flotation ability of the
cell with a consequent increase in the percentage removal
[16]. Also, it was found that the number of H2 bubbles
increases and their size decreases with increasing current den-
sity, resulting in a faster removal of diesel and sludge flotation
[17]. Apart from diesel adsorption on Al(OH)3 and its poly-
meric compounds, aluminum ions liberated from the anodePlease cite this article in press as: A.M.H. Elnenay et al., Treatment of drilling fluid
10.1016/j.ejpe.2016.03.005may also interact directly with diesel, which then precipitates
out of the solution in the form of an insoluble salt [18].
4.3. The effect of number of anodes on the efficiency of COD
removal process
One of the most important factors that will affect the COD
removal process efficiency is the number of meshed aluminum
anode sheets that are immersed in the solution and the applied
current. This factor will not only affect the current density, the
mass transfer rate on anode surfaces, the rate of evolution of
hydrogen on the cathode surface and the rate of alum
generation, but also the time of electrolysis and the percentage
of COD removed. Therefore the experiment was carried out by
fixing all parameters: initial COD concentration of the syn-
thetic drilling fluids wastewater at 5000 mg/L, NaCl electrolyte
at 14 g/L, the DC current density at 0.008 Amp/cm2 and
adjusted pH between 7 and 9. The distance between the first
anode and the cathode is 2.5 cm and the anodes are separated
by 1 cm (see Fig. 5).
Observing that the three anodes with the high effective area
can influence the treatment efficiency of the electrocoagulation
as well as strongly influence both solution mixing and mass
transfer at the electrodes while the current density is the same
and can be calculated from the following equation
Current densityðAmp=cm2Þ ¼ current appliedðAmpÞ
effective area of anodeðcm2Þ
ð8Þ
The effective area of one, two and three anodes is (115.2,
230.4 and 345.6 cm2) so to maintain the current density
constant with different areas .adjust the current should be cal-
culated such as the current applied for one anode is equal to
1 Amp, for two anodes is equal to 2 Amp and 2.6 Amp for thee
anodes, This agrees with previously reported results [13].
4.4. Effect of sodium chloride concentration on the COD
removal process
Fig. 6 shows the effect of sodium chloride concentration on the
percentage of COD removal under the condition of initial
COD of 5000 mg/L, pH of 7, current density = 0.013 A/cm2,
number of anodes = 2. It was found that, as sodium chloride
concentration increases from 3 to 14 g/L, the COD removal
percentage increases from 80 to 100. This may be explained
by the fact that the higher the chloride ion concentration,
the higher the ability of chloride ions to destroy any passive
oxide film which tends to form on the anode and limit anode
dissolution, hence it increases the availability of aluminum
hydroxide in the solution and improves the efficiency of
COD removal. Also, as the concentration of sodium chloride
increases, the activity of the dissolved Al+3 in the anode vicin-
ity decreases by virtue of interionic attraction between sodium
chloride and the dissolved Al+3, accordingly the potential
required to dissolve the aluminum anode (e) decreases accord-
ing to Nernst equation:
E ¼ E0  ðRT=ZFÞ ln a Alþ3 ð9Þ
where E is the electrode potential, E0 is the standard electrode
potential, F is Faraday’s constant [F= 96,500 coulomb], Z is
the number of electrons involved in the reaction and R is thes wastewater by electrocoagulation, Egypt. J. Petrol. (2016), http://dx.doi.org/
Figure 4 The effect of current density on the efficiency of COD removal (time 45 min, number of anode = 1, pH = 7, NaCl = 14 mg/L).
Figure 5 The effect of number of anodes on the efficiency of COD removal process (CD = 0.008 A/cm2, time 45 min, pH= 7,
NaCl = 14 mg/L).
Figure 6 Effect of sodium chloride concentration on the COD removal process (CD= 0.013 A/cm2, COD i = 5000 mg/L, pH= 7,
number of anode = 2).
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6 AlaaEldin Mohamed Hisham Elnenay et al.gas constant (R= 8.13 J/molK), a Al+3 is the activity of Al+3
[15].
The decrease in the potential required to dissolve the anode
reduces the tendency of aluminum to passivate and reduces the
tendency of chlorine and oxygen evolution at the expense of
aluminum dissolution. Meanwhile, Fig. 6 shows that beyond
3 g/L sodium chloride concentration, the salt has little effect
on the percentage of COD removal. According to the results,
high percentage removal of COD can be obtained in solution
with sodium chloride of about 14 g/L. Hence, 14 g/L sodium
chloride was used in subsequent experiments.
And it will show in the following tables the percentage of
the COD removal under varied concentration of cod removal,
besides while running the experiment the low concentration of
NaCl the higher voltage so decided to run all experiments
under higher concentration of NaCl in agreement with previ-
ously results [13].
5. Conclusion
From this work, the following conclusions can be drawn:
Electrocoagulation is a treatment process that is capable of
being an effective treatment process compared to conventional
methods such as chemical coagulation. Having observed
trends over the last three years, it has been noted that electro-
coagulation is capable of having high removal efficiencies of
color, chemical oxygen demand (COD), biochemical oxygen
demand (BOD), and achieving a more efficient treatment pro-
cess quicker than traditional coagulation and inexpensive than
other methods of treatment such as ultraviolet (UV) and
ozone. Unlike biological treatment which requires specific con-
ditions, therefore limiting the ability to treat many wastewaters
with high toxicity, xenobiotic compounds, and pH, electroco-
agulation can be used to treat multifaceted wastewaters,
including industrial, agricultural, and domestic. Continual
research using this technology will not only improve itsPlease cite this article in press as: A.M.H. Elnenay et al., Treatment of drilling fluid
10.1016/j.ejpe.2016.03.005efficiency, but new modeling techniques can be used to predict
many factors and develop equations that will predict the
effectiveness of treatment.
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